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PLATES, PLUMES AND 
GEOLOGICAL TIME: ARE WE 
WRONG ABOUT PLUME-PUSH?
In setting out to better understand what drives plate 
movements, not only did Lucia Perez-Diaz, Graeme 
Eagles and Karin Sigloch cast doubt on the theory  
of plume-push – they also unearthed a potential  
error in the calibration of our geological timescale
ETOPO1 Arc-Minute Global Relief Model of Amante & 
Eakins (2009) plotted using the Generic Mapping Tools 
(Wessel et al 2019)
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S
ince the emergence of plate 
tectonic theory in the 1960s, 
geoscientists have pondered the 
question of what forces are 
involved in keeping tectonic 
plates moving. One way to try and answer 
this question is to examine present-day 
patterns of plate motion - but to have 
confidence in this approach depends on 
good timing. 
Today, time can be known and followed 
precisely. We define and measure seconds 
using immutable atomic-scale physical 
processes. Embedded in satellite 
navigation equipment, we can use this 
technology to determine locations and 
speeds, including those of tectonic plates, 
with breathtaking accuracy.
These measurements support the notion 
that the movement of tectonic plates today 
is ruled by sets of forces generated at their 
boundaries and bases, transmitted over long 
distances through their rigid interiors. But 
was this always the case? Is it possible that 
episodic Earth system events not seen 
anywhere on the planet today may have 
impacted on plate movements in the 
geological past? In order to pursue this 
question, we focused on the Réunion plume, 
whose arrival beneath western India 67 
million years ago led to the eruption of over 
a million cubic kilometres of basalt that 
underlie the Deccan Traps. In doing so, we 
found that not only do mantle plumes seem 
to have little effect on driving the motion of 
tectonic plates, but that part of the timescale 
around the Cretaceous-Paleogene boundary 
could be in need of revision. 
RECONSTRUCTING PAST  
PLATE MOTIONS
We can reconstruct plate motions for the 
recent geological past (i.e. less than 200 My) 
with relative ease and high precision, thanks 
to the sharpness of magnetic polarity reversal 
signals recorded in oceanic lithosphere. The 
oceanic crust is continually generated in the 
presence of a geomagnetic field that 
periodically and unpredictably reverses, so 
that the locations of the north and south 
magnetic poles swap. This polarity is 
recorded in the lithosphere, with the 
orientations and spacings of these so-called 
magnetic isochrons either side of spreading 
centres worldwide providing quantitative 
information about spreading orientations and 
changing plate locations over time. (Fig. 1). 
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Unlike the year-by-year record of growth 
evidenced by rings in a tree trunk, where 
ring spacings are directly indicative of the 
speed of tree growth, seafloor isochron 
spacings alone do not allow us to make 
inferences about seafloor spreading rates. 
Closely spaced isochrons might indicate 
slow spreading...but they might instead 
represent fast spreading during a period of 
high-frequency polarity reversals. In order 
to properly quantify the rates of past plate 
motion it is necessary to assign numerical 
ages to the isochrons using geomagnetic 
timescales.
WHAT DRIVES  
PLATE TECTONICS?
Accurate GPS-based measurements of 
current plate motion tell us that the fastest-
moving plates are those in which a large 
part of the plate boundary is a mature 
subduction zone, and the slower-moving 
plates are those that lack subducting 
boundaries or that have large continental 
blocks embedded in them (Zahirovic et al. 
2015). This all seems to confirm that plate 
motions are controlled by the gravitational 
potential of their surface and subducting 
parts, and to a lesser extent by viscous 
coupling between their bases and the 
underlying mantle, and that tectonic plates 
are essential motive parts of the vehicle of 
Earth’s convection system, rather than its 
mere passengers (Fig. 3A).
For the more distant past, the geological 
timescale is accurate enough to show that 
the tectonic plates have usually moved at 
similar speeds to today’s, but also that those 
speeds have changed gradually through 
time. Any large and sudden changes in a 
plate’s speed or direction may therefore 
indicate the action of some exotic process, 
other than oceanic ageing and subduction, 
that is important for plate motion.
An example of one such dramatic change 
is the apparent abrupt speed-up of the 
Indian plate between the late Cretaceous 
and the early Cenozoic. This short-lived 
event (~67-52 Ma) is clearly recorded by the 
spacings of magnetic anomaly lineations 
formed at the divergent India-Africa 
(IND-AFR) and India-Antarctica (IND-
ANT) plate boundaries (Fig. 2). Neither the 
top spreading rate reached, exceeding 200 
km/Myr, nor the acceleration that 
achieved it, can easily be explained in 
terms of any normal pattern of subduction 
zone evolution at the plate’s northern 
boundary (Cande et al., 1989, van 
Hinsbergen et al., 2011). 
Multiple attempts have been made to 
explain this puzzle, including double 
subduction at the Indian plate’s northern 
boundary (Jagoutz et al., 2015), reduction 
of basal drag on the Indian plate by 
smoothing of its lithosphere-asthenosphere 
boundary (Kumar et al., 2006), and uplift 
of parts of the mid-ocean ridge west of 
India (Eagles and Wibisono, 2013). 
Amongst all this geodynamic intrigue, 
researchers quickly noted that the Indian 
acceleration coincided with the arrival of the 
Réunion mantle plume, which was 
responsible for the eruption of the Deccan 
Traps Large Igneous Province (Fig. 2). As 
dinosaur fans all know, the Réunion-Deccan 
plume has long been suspected of playing a 
leading role in the late Cretaceous mass 
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Fig 1 – A) Seafloor 
spreading data 
(magnetic anomaly 
picks and fracture 
zone traces) used 
to model South 
Atlantic plate motions 
(Pérez-Díaz, Eagles 
and Sigloch, 2020). 
Background image 
shows vertical gravity 
gradient (Sandwell 
and Smith, 2014). B) 
Diagram illustrating the 
spatial relationships 
between a divergent 
plate boundary and 
the small and great 
circles about the pole 
of rotation describing 
the motions across it. 
C) Cartoon illustrating 
the process of 
interpreting and dating 
magnetic isochron 
picks from a magnetic 
anomaly wiggle (from 
cruise EW9011, solid 
line) by correlating 
it to a synthetic 
curve (dashed 
line) calculated 
from the pattern of 
polarity reversals 
in the geomagnetic 
timescale. 
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extinction, making it one of the best-known 
examples of a direct link between mantle 
convection and global biotic and 
environmental change. The temporal and 
spatial coincidence of plume arrival and 
plate acceleration thus prompted an 
addition to the plume’s resumé: the idea of 
a “plume-push” force that is significant 
enough to cause large tectonic plates to 
break the planet’s usual speed limits. And 
so, a new hypothesis was born.
PUSHY PLUMES
Like all good hypotheses, plume-push is 
simple: it states that plume arrival beneath a 
lithospheric plate leads to doming that 
increases the plate’s gravitational potential 
energy by an amount large enough to affect 
the pre-existing force balance, and thus 
change plate motion (Fig. 3B). Starting from 
this, Cande and Stegman (2011) noted that 
the Réunion plume arrived close to the 
boundary of the Indian and African plates, 
and should thus have imparted push forces 
on them both. They concluded that these 
forces were so overwhelming that they 
brought knock-on effects for all plates that 
shared boundaries with the African and 
Indian plates late in the Cretaceous.
These so-called tectonic reorganizations 
are well known from global plate models. 
The best-known examples are relatable to 
unusually rapid changes in plate 
boundaries, such as when a major 
subduction zone ceases to operate after 
using up its supply of oceanic lithosphere. 
Plume-push thus stands to add complexity 
to the task of identifying and 
understanding the causes of plate tectonic 
reorganization events.
Plume-push is also, like any good 
hypothesis, testable. The most well-known 
study, by Cande and Stegman (2011), 
examined the rates of late Cretaceous and 
Paleogene plate divergence around the 
margins of the Indian and African plates. 
Their test followed from a recognition that, 
at the time of plume arrival, both the 
Indian and African plates were moving 
towards the northeast, albeit at different 
rates (shown by black arrows in fig. 2). The 
gravitational push force resulting from 
lithospheric doming associated with a 
plume arriving at the IND-AFR boundary 
would have opposed the motion of the 
African plate at the time, but favoured that 
of the Indian plate (red arrows in figs. 2 
and 3B). 
The testable consequences of this would 
be accelerations along the boundaries of the 
Indian plate with its neighbours (IND-AFR 
and IND-ANT) and simultaneous 
decelerations along boundaries of the 
African plate elsewhere (SAM-AFR and 
AFR-ANT). Cande and Stegman used 
models of plate divergence based on 
hundreds of crossings of conjugate magnetic 
isochron pairs to calculate spreading rates 
along spreading ridges either side of Africa. 
By showing the models they chose to be 
consistent with the changes expected of 
plume-push, their study has since been 
invoked as the main proponent of the 
validity of the hypothesis.
 
A HIGHER-RESOLUTION TEST
Nevertheless, the suite of plate motion 
models Cande and Stegman used was not 
ideally suited for testing plume-push. We 
decided to see if the hypothesis was robust 
enough to pass a more rigorous version of 
the same test. 
One shortcoming of the earlier test was 
that the models chosen were built using a 
variety of statistical techniques, each with its 
own pros and cons that bias eventual 
reliability in particular ways. In order to 
avoid introducing uncertainty into our 
interpretations by comparing models with 
variable biases, we set out to calculate 
spreading rates for the five plate pairs in the 
circuit from kinematic models all produced 
using the same technique. 
A second shortcoming concerned 
temporal resolution. Radiometric dating of 
the Deccan Trap basalts places the time of 
plume arrival at around 67 Ma. We needed 
models that imaged even small changes in 
the period between magnetic isochrons 
C29-C27 (67-64 Ma) – we can’t interpret 
what our models can’t see. 
Our existing models for four of the five 
plate pairs - IND-AFR, IND-ANT, SAM-
ANT and AFR-ANT - already achieved this 
resolution, and so could simply be dusted 
off ready for use in the new study. However, 
no existing model of South American-
African plate divergence used enough 
South Atlantic data to achieve the necessary 
resolution over the critical Deccan period. 
By re-examining available marine magnetic 
profiles, we increased the size of the 
modellable database by over 2000 isochron 
picks,  389 of which are for isochrons within 
the critical 68-57 Ma period. Our new South 
Atlantic model thus depicts the events in 
this short interval in more detail than ever 
before.  
Divergence rates calculated for the 
IND-AFR and IND-ANT plate pairs 
replicate Cande and Stegman’s previous 
observations of sharp short-lived spikes 
(119% and 78% with respect to pre-Deccan 
rates respectively) centred at 65 Ma. 
However, we were unable to replicate the 
deceleration that would be expected of a 
plume-related push force. Instead, our 
higher-resolution models for all other 
spreading centres around the African plate 
depicted similar short-lived accelerations 
(Fig. 4). These bursts in the rate of plate 
divergence were all significant increases 




















Fig. 2 - Schematic diagram of the Indo-Atlantic plate circuit at the time of arrival of the Réunion plume. 
Thick black arrows show the magnitudes and directions of plate movement over the mantle. Smaller 
arrows show the orientations of relative motions at the plate boundaries. White hatching: present-day 
extent of Deccan Traps. Red arrows: location and sense of hypothesised plume-related push forces. Plates 
are AFR: African, ANT: Antarctic, IND: Indian and SAM: South American
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Can plume-push overwhelm entire 
plate circuits in the way described in figure 
3B? Our answer was an emphatic “no”. But 
it immediately gave way to a new and 
perhaps even more puzzling question: how 
might we explain accelerations in the rates 
of divergence across almost half the globe’s 
spreading centres? 
REASSURINGLY BORING 
It is worth noting that not only do all five 
spreading centres within the Indo-Atlantic 
circuit accelerate simultaneously for a short 
period of time, but that afterwards they 
revert to their pre-Deccan trends. The period 
of fast rates appears not to have affected any 
of the plates involved, for instance by 
increasing their area or average temperature, 
or the length and depth of subducting slabs, 
in a way that might have changed the 
balance of forces that maintained their 
motion prior to the plume’s arrival. That is, 
the accelerations appear to be without 
geodynamic cause or effect. 
The most obvious non-geodynamic 
explanation is that that acceleration is 
simply an artefact of a timescale error. If so, 
it should also affect any model of sufficient 
resolution over the Deccan period for any 
other pair of diverging plates, anywhere in 
the world. A brief test of this idea using two 
published models, for the northern central 
Atlantic (Machiavelli et al., 2017) and 
southern Pacific oceans (Wobbe et al., 2012), 
indeed revealed similar divergence  
rate peaks. 
Seafloor spreading rates are calculated by 
























































Fig. 4 - Spreading rate changes for the five plate pairs in the Indo-Atlantic circuit. Percentage values indicate spreading rate increase at chron C29 with 















































Fig. 3 - A) Schematic diagram illustrating our current understanding of plate-mantle interactions and 
B) implications of the introduction of a plume-push force into the system, according to the plume-push 
hypothesis. Plates are the same as in figure 1. BS: Basal Drag; MR: Mantle resistance; PP: Plume push; 
RP: Ridge Push; SP: Slab Pull; SS: Slab Suction.
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lithosphere formed over periods of time 
whose durations are obtained by assigning 
numerical ages to magnetic anomaly 
isochrons at the swath edges (Fig. 1). In this 
case, the observed divergence rate spikes 
would almost disappear if the period 
between magnetic anomaly chrons C29 and 
C28 had in fact lasted for a time between 
57% and 70% longer than is currently 
presented in the geological timescale. This 
would mean that the boundaries of the old 
end of C29 and young end of C28 in the 
current version of the geological timescale 
might be too closely-spaced by somewhere 
between 1.7 and 2 Myrs. 
When spreading rates are adjusted to 
account for our proposed timescale error 
(Fig. 5), they reflect reassuringly boring plate 
behaviour. In terms of seafloor spreading 
rates at least, no speed limits are broken in 
this adjusted history. Peak rates, in the Indian 
Ocean, are not much different to those at 
today’s fastest spreading ridge, the East 
Pacific Rise. These long-term trends reflect 
the slow kinds of changes in the distribution 
and activity of plate boundaries that can be 
inferred from the pattern of GPS-derived 
present day plate motions. 
A CALENDAR IN  
CONSTANT REVISION
We can’t look up geological time precisely 
on a pocket-sized device because no process 
preserves atomically-defined frequencies 
over long periods with enough accuracy. 
Atoms, however, do help us to build the 
skeleton of geological time by determining 
more or less precise radiochronological ages 
whose spacing is determined by the vagaries 
of rock formation and preservation (and 
research funding). 
A variety of geological tools, based on 
understanding of orbital, evolutionary or 
geodynamic processes, are applied to 
interpolate between those ages. Built in this 
way, today’s geological timescale is 
undoubtedly one of the greatest 
achievements in Earth science. It allows us 
not only to fit 4.6 billion years’ worth of 
Earth’s history onto a handy bookmark but 
also to accurately pinpoint events in some 
stretches of the geological past to within a 
few thousand years’ precision.
The rates of the orbital, evolutionary and 
geodynamic processes used to build the 
timescale can be expected to have changed 
over geological time. Along with the 
fragmentary nature of the rock record, this 
means that no single interpolation can be 
applied over the entirety of geological time. 
The timescale thus comprises a spliced set of 
diversely-calibrated sub-timescales. Given 
the variety of techniques and data sets 
involved in generating these sub-timescales, 
splicing them is a procedure fraught with 
potential pitfalls, explaining why the 
timescale remains under constant revision. 
One such splice occurs around the times of 
our study’s startling global pulse of plate 
motion. Our results suggest that this 
particular splice ought to be carefully 
re-examined.   
WHAT NEXT? 
Our test returned little evidence for the 
suggested influence of plume arrival on 
plate motion. Instead, it revealed an 
unusual, and most likely global, signal that 
is difficult to explain using the contents of 
the current geodynamic toolbox. The 
simplest explanation is likely to be a 
miscalibration of the geological timescale 
over the Cretaceous-Paleogene boundary. 
Of course, like plume-push was for us, the 
idea of a miscalibration is for now a 
hypothesis,  one that we hope 
chronostratigraphers will be able to test and 
shed light on.
And what about plume-push? For now, 
at least, we can best conclude that if plume 
arrival has an effect on plate speeds, then it 
seems to be of second- or lower-order that 
is too small to pick using the combination 
of currently available plate motion 
modelling techniques and the example of 
the Deccan-Réunion plume. Deccan-
Réunion seems therefore to have played a 
bit part, rather than acted as 
choreographer, for the dance of the plates 
at the end of the Cretaceous. 
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Fig. 5 - Adjusted model divergence rate changes, accounting for our proposed timescale error affecting 
the period between chrons C29-C28
